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1.  BRIEF  OUTLINE  OF  RESEARCH  FINDINGS  AND  ACCOMPLISHMENTS 


Under  the  ARO  supports,  we  have  advanced  a  number  of  fundamental  understandings  in 

the  world  of  man-made  quantum  phenomena,  these  includes: 

•  Quantum  confinements  in  nanoscale  silicon  particles  embedded  in  an  oxide  matrix  and  the 
observation  of  resonant  tunneling  via  the  nano-particles.  The  silicon  nano-particles 
embedded  in  an  amorphous  oxide  matrix  were  produced  by  annealing  and/or  oxidation  of  a 
thin  (10-20nm  )  a-Si.  Transport  through  this  layer  established  tunneling  through  quantum 
states  of  the  nano-particles. 

•  Theoretic  models  of  dielectric  constant,  doping,  capacitance  and  excitons  in  Si  nano¬ 
particles. 

•  Visible  Light  emission  in  Si  nanoparticles,  both  in  Porous  Si  and  in  an  oxide  matrix. 

•  Epitaxial  barrier  in  silicon:  with  multi  layers  of  Si/adsorbed  oxygen.  Silicon  epitaxy  beyond 
the  disordered  monolayer  of  adsorbed  oxygen  has  low  defect  density,  being  less  than  109 
/cm2.  This  Si/O  superlattice  barrier  forms  the  basis  of  silicon  quantum  devices.  A  2-period 
structure  shows  an  effective  barrier  height  of  0.5eV,  sufficient  for  most  silicon  quantum 
devices  at  room  temperature.  The  structure  may  be  used  to  replace  silicon  on  insulator  (SOI ) 
for  high  speed,  low  power  transistors  of  the  future. 

•  An  electroluminescent  diode  structure  consisting  of  a  9  period  of  Si  ( l.lnm )  /  monolayer  of 
adsorbed  oxygen  superlattice  shows  visible  light  with  a  peak  at  2.2eV  life-tested  for  more 
than  one  year  without  degradation. 

•  The  time  for  thinking  of  an  all  silicon  optoelectronic  device  is  at  hand-an  electronic  and 
photonic  superchip. 


4.  Statement  of  the  problem  studied 

Quantum  mechanical  devices  utilize  the  wave  nature  of  electrons  for  their  operations 
whenever  the  electron  mean-free-path  exceeds  the  appropriate  dimensions  of  the  device 
structure.  In  the  past  several  years,  certain  schemes  appeared  which  may  facilitate  the  realization 
of  silicon  quantum  devices,  such  as  the  resonant  tunneling  via  nanoscale  silicon  particles 
imbedded  in  an  oxide  matrix,  and  the  superlattice  barrier  for  silicon  consisting  of  several  period 
of  Si/O.  Our  main  finding  for  the  observation  of  tunneling  via  quantum  states  represented  by 
silicon  nano-particles  embedded  in  an  oxide  matrix  is  the  use  of  a  controlled  forming  process. 

Epitaxially  grown  silicon  beyond  the  superlattice  barrier  region,  consisting  of  adsorbed 
oxygen  is  low  in  stacking  fault  defects,  and  thus  is  potentially  important  for  silicon  based 
quantum  devices,  including  electroluminescent  diodes,  as  well  as  serving  as  an  SOI  (  silicon  on 
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insulator).The  replacement  of  SOI  by  the  epitaxially  grown  Si/O  superlattice  barrier  should 
promote  the  effort  in  high  speed  and  low  power  MOSFET  devices. 


5.  Summary  ( also  see  1.) 


Speed  and  density  go  together  :  scaling  down  the  device  size  leads  to  higher  speed  and 
density.  How  far  can  scaling  go?  Operating  voltages  are  set  by  the  thermal  voltage.  Reducing 
size  results  ultimately  to  highfields  beyond  the  breakdown.  Besides,  quantum  effects  will  be 
reached  at  some  point.  These  effects  are  not  all  desirable,  for  example,  quantum  interference  is 
too  size  dependent,  demanding  unrealistic  manufacturing  tolerances.  As  the  size  approaches  few 
nm,  it  is  even  impossible  to  dope  due  to  the  drastic  increase  in  the  binding  energy  of  dopants. 
Classically,  one  talks  about  storing  charges,  as  we  have  seen  that  quantum  mechanically,  one  can 
only  confine  charges  with  a  barrier.  And  electrons  and  holes  confined  in  a  barrier  do  leak  out. 
Surely  one  can  use  thicker  barrier  to  reduce  tunneling,  then,  it  is  not  possible  to  quickly  remove 
the  confined  particle  unless  a  large  barrier  lowering  field  is  applied.  The  problem  with  this 
scheme  is  that  one  needs  to  localize  the  applied  field,  otherwise  many  adjacent  structures  will  be 
affected.  What  is  needed  is  judicious  applications  of  quantum  effects  far  from  the  notion  that 
quantum  transistors  must  be  better!  Fortunately,  what  is  focussed  in  this  report  is  not  about  wide 
spread  utilization  of  quantum  confinement.  Rather,  in  some  specific  applications,  for  example, (a) 
the  epitaxial  Si/O  superlattice  for  replacing  the  SOI  fabricated  by  ion-implantation,  (b) 
fabrication  of  a  RTD  in  silicon,  (c)  increasing  the  oscillator  strength  of  silicon  by  quantum 
confinement  for  optoelectronic  purposes,  and  (d)  discretizing  the  I-V  as  resonant  tunneling  via 
nanoscale  particles  for  multistage  logic  and  functional  devices.  After  stating  all  that,  I  am 
impelled  to  be  optimistic  that  a  totally  new  system  fully  utilizing  the  wave  nature  of  quantum 
mechanics  is  right  around  the  comer,  waiting  to  be  explored,  even  in  silicon.  The  task  at  hand  is 
huge,  therefore,  it  is  important  to  sort  out  those  goals  which  can  be  successfully  pursued  with  the 
available  funding,  to  arrive  at  some  consensus  among  the  researchers  for  future  endeavors. 

Although  much  of  this  report  has  been  summarized  in  the  publication,  Room 
Temperature  Silicon  Quantum  Devices,  R.  Tsu,  in  International  J.  High  Speed  Electronics  and 
Systems,  editors  M.  Dutta  and  M.  Stroscio,  9,  (1),  145  (1998);  I  like  to  include  three  figures: 

Fig.  1  showing  the  high  resolution  TEM  of  the  epitaxy  beyond  the  O/Si/O/Si/O  (whitish  region), 

Fig.2  showing  a  plane  view-TEM  Si/O  with  1 08  —  1 09  /cm2  defect  density,  and 

Fig.3  showing  the  electroluminescence  of  a  9-period  Si(l.lnm)/0  superlattice  under  the 
application  of  10V  reverse  bias  operating  continuously  for  over  one  year. 
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Fig.l  High  Resolution  showing  the  continuation 
of  epitaxy  beyond  the  O/Si/O/Si/O  (white  region) 


Fig.2  Plane  View  -  TEM:  Si/O  (2.5nm) 
showing  10  9  /  cm 2  defect  density 


Fig.3  Electroluminescence  of  a  9-period  Si/O  -  superlattice.  The  green  emission 
shows  the  active  EL  from  0.5  x  1.2mm  thin  partially  transparent  gold  contact 


It  is  commonly  assumed  that  the  Si/Ge  superlattice  system  is  the  only  quantum  devices 
possible.  I  like  to  point  out  that  the  Si/Ge  system  restricts  quantum  confinement  in  the  Ge. 
Therefore  the  Si/Ge  system  is  a  Ge  system  rather  than  a  Si  system!  All  the  results  reported  here 
involve  quantum  confinement  in  silicon,  therefore,  silicon  quantum  devices  are  potentially 
possible  with  the  Si/O  superlattice  system. 

In  conclusion,  quantum  devices  involving  silicon  nanoparticles  cannot  be 
implemented  yet  because  size  control,  which  calls  for  much  larger  effort,  has  not  been 
perfected.  On  the  other  hand,  the  Si  epitaxy  sandwiched  between  adsorbed  species  is 
demonstrated,  which  is  ready  for  playing  an  important  role  in  quantum  devices, 
particularly,  the  optoelectronic  devices. 
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8.  Reports  of  Inventions: 


No  Invention  was  disclosed  under  this  contract  on  Proposal  No.  36223-EL,  DAAG55-97- 1-0007, 
entitled  :  Nanoscopic  Studies  of  Quantum  Effects  in  Silicon  Quantum  Dots  .  However,  prior 
to  the  funding  of  this  proposed  studies  became  finalized,  this  investigator  was  associated  with  the 
ETDL  of  the  US  Army  Communications-Electronics  Command,  Fort  Monmouth  NJ  07703,  via  a 
GEO  Contract  DAAL01-89-C-0927,  where  he  was  involved  with  others  on  the  following 
disclosures  closely  related  to  the  proposed  work.  & 

•  Patent  filed  8/13/97,  #08/915,547  ,  Negative  Differential  Resistance  Device  Based  on 
Tunneling  Through  Microclusters,  and  Therefor,  AMSEL-LG-L  Fortmonmouth,  NJ 
07703-5000,  by  James  F.  Harvey,  Robert  A.  Lux  and  Raphael  Tsu.  This  disclosure  deals  with 
tunneling  through  resonant  energy  levels  in  microclusters  to  acieve  NRD,  and  hence 
oscillator,  amplifier,  and  mixer,  devices,  based  on  the  crystallization  and  oxidation  of  silicon 
clusters  forming  Si  particles  embedded  in  an  amorphous  silicon  dioxide  matrix  between 
contacts.  This  is  precisely  the  research  topic  of  this  proposed  studies. 

•  Patent  issued  ,  May  6, 1 997,  #5,627,386,  Silicon  Nanostructure  Light-Emitting  Diode ,  by 
James  F.  Harvey,  Robert  A.  Lux  and  Raphael  Tsu,  with  assignee  :  The  United  States  of 
America  as  represented  by  the  Secretary  of  the  Army.  This  patent  deals  with  means  to 
fabricate  nanometer  silicon  tips  to  breakdown  the  momentum  conservation  resulting  in  light 
emission,  which  is  closely  related  to  the  electroluminescence  devices  reported  in  the  interim 
report  dated  April  8, 1999. 

Both  were  filed  by  Fort  Monmouth,  Administered  by  Judith  E.  Cleveland,  paralegal 
Specialist. 
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